MPROVED knowledge of basal ganglia pathophysiology and availability of modern imaging procedures has resulted in a renewed interest in surgery for movement disorders. 32, 94 Preferences for different surgical targets have continued to evolve, 6, 16, [61] [62] [63] 86, 94 and a more rational treatment approach should emerge as more clinical outcome data for the various procedures become available. In the case of stereotactic lesioning methods, the size and configuration of the lesion may be as relevant to clinical outcome as the choice of the target itself. Therefore, valid comparisons of clinical outcomes of different stereotactic strategies require correlation with precise target localization. In addition, specific information about morphological changes induced by the surgical procedure may be helpful in elucidating the mechanism of therapeutic effects and in improving our understanding of brain function in healthy and pathological states. Although numerous studies have provided information on clinical results, there are few systematic reports in which clinical effectiveness has been correlated with lesion size and location. 7, 18, 22, 37, 41, 43, 44, 60, 66, 67, 72, 84, 89 Detailed examination of the accuracy and precision of stereotactic procedures is limited because, at the micro- 
scopic level, anatomy cannot be examined in the living human brain. A relatively small number of autopsy series 7, 41, 44, 47, 72 have provided descriptions of the volume and position of lesions. Although imaging studies do not currently provide the level of spatial detail available in histological studies, improved characterization of stereotactic lesions may be obtained using CT 43 or MR imaging. 18, 37, 84, 102, 104 Note that although MR images are superior in quality to CT scans, most MR imaging systems in routine use have significant limitations in spatial resolution and structural differentiation. Detailed examination of anatomical cytoarchitectonic boundaries of subcortical nuclei is not possible within the current clinical imaging environment.
Digitized or computerized atlases may be used to increase the degree of structural detail on clinical imaging studies. A digitized atlas may be integrated with MR images or CT scans by selecting landmarks or boundaries visible on the image and outlined in the atlas and by using mathematical transformations to scale the atlas to fit the specific image. Scaled digitized atlases matched to a CT or MR image can enhance the planning of stereotactic procedures, 3, 58, 76, 83, 93 and linear scaling has the advantage of relatively rapid integration. Nonlinear deformation would allow for a better fit of the atlas, especially in the presence of anatomical variations induced by cortical or subcortical atrophy. Although a more precise method, manual nonlinear distortion of an atlas would require a time-intensive step of point-to-point matching of multiple landmarks in the atlas with those on the neuroimage obtained in the patient. We have recently developed a technique for automatic atlas integration with the individual patient's MR imaging space. 93 A labor-intensive tagging process is initially required for integration of the atlas with a model MR imaging data set. This process must be performed only once to produce a canonical atlas. For subsequent use, a computer-intensive automatic nonlinear image-matching algorithm 19, 21 can be used to fuse the model MR image with that of the patient, thus allowing precise automated atlas integration. The computerized atlas was initially integrated into a stereotactic surgical planning platform. 93 The platform allows visualization of stereotactic targets and surgical probes, lesion modeling, and intraoperative correlation of physiological responses with the MR imaging-atlas integrated anatomical space of the individual patient. In the present study, we used the integrated atlas to evaluate postoperative MR imaging data. On this basis we determined the stereotactic location and size of the thalamotomy lesion and its relationship to the thalamic nuclei. The lesions were evaluated within the standardized atlas space, and statistical comparisons were used to determine the relationship between clinical outcomes and lesion characteristics.
Clinical Material and Methods

Patient Population
The lesions were derived from a series of consecutive patients who underwent stereotactic procedures for movement disorders performed by one surgeon (A.F.S.) at the Montreal Neurological Institute and Hospital between April 1995 and October 1998. All patients were evaluated by a neurologist and neurosurgeon in the context of a surgical movement disorders clinic. In this study we included only patients who underwent thalamotomy for PD with functionally disabling tremor unresponsive to levodopa or anticholinergic agents. In an effort to keep clinical outcome criteria as uniform as possible, patients who underwent thalamotomy for essential tremor or dystonia were excluded. Also, patients who underwent pallidotomy and those who received deep brain stimulation to the thalamus, pallidum, or subthalamic nucleus were excluded from the present study.
Surgical Procedure
The stereotactic surgical procedure was performed after the patient received a local anesthetic agent. The procedural steps included frame application (Olivier Bertrand Tipal frame 82 ; Tipal Instruments, Montreal, QC, Canada), MR imaging, ventriculography, and, finally, physiological confirmation of the target prior to lesion generation. For thalamotomies, targets were centered on the Vim, 46 which is equivalent to the VLp of the thalamus. 48 Target localization was performed on the basis of multimodal imaging, including stereotactic ventriculography and stereotactic MR imaging. During surgery, physiological stimulation was performed using a retractable curved electrode, which allows exploration of a relatively large volume of tissue via a single trajectory (Fig. 1) . The locations of motor fibers of the internal capsule and of the sensory thalamus were confirmed using a single electrode pass in most cases. 11 The stimulation parameters selected were 0.5 to 1 V, 60 Hz, and a 2-msec pulse duration. Optimal target location was further confirmed using high-frequency stimulation, resulting in tremor arrest that was generally apparent at the parameters 1 to 2 V, 185 Hz, and a 2-msec pulse duration.
In more recent cases, we used the atlas published by Schaltenbrand and Wahren, 91 which was deformed in a nonlinear fashion into the stereotactic MR imaging space of the individual patient for preoperative and intraoperative planning of lesion localization, as previously described. 93 The stereotactic position of the tip of the curved electrode ( Fig.  1) was modeled into the MR imaging-atlas integrated visualization platform. In most cases this method yielded an excellent correlation between responses obtained during physiological stimulation and either the anatomical border between the thalamus and motor fibers of the internal cap- sule, or the border between the Vim (VLp) and the sensory thalamus Vc (VP). Tailored lesions were created in a progressive, stepwise manner by using a graded retractable loop-shaped leukotome, with frequent intermittent clinical examination. 8, 77, 93 The leukotome is a curved wire loop that can be extracted at a variable diameter (1-7 mm) and rotated over the desired target volume, resulting in physical division of fibers and devascularization of the target (Fig. 1) . In FIG. 2 . Summary of the analysis procedure. A: Plates from the atlas of Schaltenbrand and Wahren 91 (1) were previously digitized and integrated with a model MR image (MRI) that had a high signal-to-noise ratio (2) . This set of steps was performed once. B: Subsequently, an MR image obtained in each patient was resampled to match the model MR image, based on the transformation generated by a nonlinear intensity-matching algorithm (1) . Manually segmented lesions were then overlaid on the atlas and sorted into separate clinical outcome categories for statistical analysis (2) . this manner, a tailored lesion can be created to conform to the desired target. Prior to step-wise lesioning, the proposed lesions were modeled and visualized in three dimensions on a computerized MR imaging-atlas integrated stereotactic platform, as previously described. 93 The average stereotactic target, defined at the tip of the leukotome and corresponding to the most ventral portion of the lesion, was in the AC-PC plane, 5.13 Ϯ 0.82 mm (mean Ϯ SEM) behind the midpoint of the AC-PC line and 13.32 Ϯ 0.93 mm (mean Ϯ SEM) lateral to the midpoint of the midline of the brain. The initial target was obtained from an evaluation of both MR imaging and ventriculographic coordinates. In general, the difference between stereotactic coordinates obtained using both imaging modalities was less than 2 mm. The final target was chosen after the evaluation of physiological responses. These progressive lesions were generally created in steps of 45˚ with a 4-to 7-mm extraction of the leukotome loop, depending on the proximity of the proposed lesion to the internal capsule or cutaneous sensory thalamus. Lateral stereotactic x-ray films were obtained during either stimulation or lesioning. Because the control x-ray films were obtained under stereotactic conditions identical to those used to obtain the ventriculogram, superimposition of the two x-ray films allowed immediate intraoperative confirmation of the position of probes with respect to the ventriculography-defined target. The control stereotactic x-ray films were also used to determine the proximity of the leukotome loop to the area at which the extracted curved monopolar stimulating electrode elicited sensory responses. Frequent clinical examination was performed during leukotome extraction in the posterior quadrant to ensure that cutaneous sensation remained intact. In general, lesions were made anterior to the sensory hand or face area. In cases in which immediate tremor relief was obtained, lesions in the posterior quadrants were generally limited to 5-mm leukotome extensions. In cases in which the tremor had a higher amplitude or was more resistant, the extent of the lesion created in the posterior quadrant was 7 mm. The method allowed generation of a wide variety of sizes and shapes of lesions conforming to the target structure and avoiding spillover into the internal capsule and cutaneous sensory thalamus.
Terminological Concerns
Our digitized stereotactic atlas is based on that published by Schaltenbrand and Wahren. 91, 93 In that atlas and an earlier one published by Schaltenbrand and Bailey, 90 Hassler's terminology was applied to thalamic nuclear divisions. 45, 46 More recently, a terminology designed to provide better homology between different primate species and to take into account recent data on chemical anatomy and connections of the thalamus was proposed by Jones and colleagues. 48, 70 We apply Hassler's terminology throughout this paper. For clarity, homologous nuclear subdivisions suggested by Jones and colleagues are indicated in parentheses throughout the text.
Clinical and Imaging Evaluation
All patients were initially examined by a neurologist and a neurosurgeon. Patients selected for surgery underwent a preoperative evaluation in which the Unified Parkinson's Disease Rating Scale 28 was applied, and also were examined by a neuropsychologist. Postoperative follow-up evaluation by the neurologist and neurosurgeon occurred at 6 to 8 weeks and 1 year after surgery. Follow-up neuropsychological examination occurred at 3 months and 1 year after surgery. For the purposes of this report, clinical outcomes at 6 to 8 weeks were assigned to four different categories similar to those used by previous authors. 29, 54 Tremor specific to the arm contralateral to the site of thalamotomy was evaluated at rest, with arms extended, and during repetitive finger-to-nose testing. Outcome categories were defined as follows: 1) excellent indicated no significant, clinically detectable tremor, with marked improvement in function; 2) good indicated a marked improvement in function and tremor amplitude, although some residual, clinically detectable tremor still remained; 3) fair indicated some improvement in tremor amplitude, but functionally significant residual tremor; and 4) no effect indicated no detectable change in tremor amplitude. In all cases MR imaging examinations were performed during the first 48 hours postoperatively (most within 24 hours). The images were acquired with the aid of a 1.5-tesla MR imaging system (ACS-2; Phillips Medical Systems, N.A., Bothell, WA) by using a 3D gradient echo sequence (TR 27 msec, TE 9 msec, flip angle 30˚, 1 ϫ 1 ϫ 1.5-mm resolution, and two signal averages). The leukotome-induced lesions appeared hypointense on these T 1 -weighted images with respect to surrounding brain. The images were analyzed in the following manner. First, a canonical MR imaging-based integrated atlas was created, as previously described. 93 Briefly, an image with a high signal-to-noise ratio was initially created for use as a model image set by averaging 27 image acquisitions of a single healthy human brain, which were registered to one another to a 0.1-mm accuracy. 51 The model brain had an AC-PC length of 27 mm; a thalamic height, measured at the AC-PC midpoint, of 19 mm; and a third ventricular width, measured in the AC-PC plane, of 4 mm. A digitized version of the atlas of Schaltenbrand and Wahren 91 ( Fig. 2 ) was created and then tagged to this model brain by using homologous landmarks visible in both the atlas and on the MR image. 93 This entire procedure need be performed only once. The atlas was then applied to surgical planning and to lesion evaluation as part of the present study. An automated nonlinear warping algorithm based on intensity matching 19 was used to generate the transformation between the MR image of each patient and the model MR image. In preparation for surgical planning, the inverse of the transformation was used to deform the atlas to fit the preoperative MR image of each individual patient. This resulted in atlas integration within the stereotactic space of the patient. 93 For this study, the forward transformation, generated by the same intensity-matching algorithm, was used to resample the MR image obtained in the patient to match the model brain and, hence, the atlas. This allowed all lesions to be objectively compared in a standard reference space. The integrated images were individually examined to determine the goodness of fit of the digitized atlas to the MR image obtained in each patient and to consider the position of the lesion with respect to the subnuclei. Individual lesion areas were manually segmented. Volumes of individual lesions were determined in the native MR imaging space. For group analysis, all lesions were considered to be left sided. This was achieved by matching any MR image that con-tained right-sided lesions to a mirror image of the model MR image. Segmented lesions were then flipped to the left side, as a final step before the data were subjected to statistical analysis. Probabilistic maps for each clinical outcome category were then created by averaging together the individual segmented lesion volumes on a pixel-by-pixel basis. The centers of mass of individual lesions were calculated in the common reference space. Statistical comparisons were made of the lesion location or lesion volume to determine differences based on clinical outcome categories. The analysis procedure is summarized graphically in Fig. 2 .
Statistical Analysis
Coordinates of the center of mass and volume measurements of segmented lesions were used for the statistical analysis. The coordinates of each pixel on the MR image were represented in millimeters as distance measurements from the origin, that is, the midpoint of the AC-PC line. In this coordinate system, the value of x increases from the left to the right side, the value of y increases from posterior to anterior, and the value of z increases from inferior to superior. Differences in spatial position were evaluated by assessing for statistically significant differences in the coordinates of lesion centers of mass as sorted by clinical outcome group. Because the longest distance between any group of lesions was not necessarily in line with standard axes, we also projected the coordinates of individual lesions along a line connecting the coordinate of the average lesion in each of the three outcome groups. We then determined whether the position along the line of projected coordinates of lesions was significantly different when any two groups were compared. The Kruskal-Wallis test and the Wilcoxon ranksum test for post hoc analysis were used in the native coordinate analysis. The Wilcoxon rank-sum test, with the alpha level corrected for multiple comparisons, was used for the projection coordinate analysis. Differences in lesion volumes were also assessed using the Kruskal-Wallis test.
Initial visual analysis indicated that lesions differed in the degree to which they overlapped individual thalamic nuclei; we therefore analyzed the amount of overlap of each lesion with the Vim (VLp) and Vc (VP). Differences in overlap volume by outcome group were assessed using the Kruskal-Wallis test and the Wilcoxon rank-sum test for post hoc analysis.
Results
Clinical Outcomes
A total of 35 thalamotomies were performed in patients with tremor-predominant PD. 4 Cases with insufficient usable postoperative imaging data were excluded from the study; thus 25 patients who underwent 31 procedures were evaluated in this study. At the time of surgery, the ages of the patients ranged from 47 to 76 years (median age 62.5 years). Twenty patients were men and five were women. Fourteen lesions were located in the right hemisphere and 17 in the left hemisphere. Twenty-four lesions were created in patients who had not undergone thalamic surgery previously, three lesions were created for thalamotomy extension in cases in which recurrence of tremor appeared shortly after the first operation, and four thalamotomies were performed in patients who had undergone previous contralateral surgery.
All patients experienced excellent suppression of tremor, which was observed at the time of the operation. Different clinical outcomes were evident at the time of follow-up examinations. The 31 procedures evaluated in this report were divided according to clinical outcomes in the manner described in Clinical Material and Methods. Twenty-four lesions resulted in excellent clinical outcomes, four in good outcomes, three in fair outcomes, and no lesions were categorized as having no effect. All three lesions initially associated with fair outcomes and one of the four lesions correlated with good outcomes were subsequently extended within 3 months after the initial surgery, resulting in excellent outcomes in all cases. Of the lesions excluded from analysis due to insufficient usable postoperative imaging data, one primary lesion resulted in a good outcome, another primary lesion was associated with an excellent outcome, and two lesions were extensions resulting in excellent outcomes. Considering outcome as the final result of all surgical procedures, a reduction in tremor amplitude was achieved in all patients (89% excellent outcome and 11% good outcome), with improvement maintained at follow-up examinations performed at least 1 year after surgery.
Evaluation of the Lesion
In each patient the result of MR imaging-atlas integration was examined for goodness of fit. Integration of atlas structures with well-recognized subcortical landmarks on MR imaging, such as the thalamic border, internal capsule, caudate, and putamen, was considered excellent in all but three cases. Examination of those three cases revealed a minor discrepancy (Ͻ 2 mm) in the degree of overlap in the boundaries of these well-recognized subcortical structures. These three volumes were obtained in patients included in the excellent clinical outcome category. Lesions were evaluated with respect to their differences in volume, centers of mass, and degree of overlap with individual thalamic nuclei. In addition, subtraction analysis was performed on the basis of probabilistic maps generated for lesions in the different clinical outcome categories.
Comparison of Lesion Volumes.
A comparison of the average volume of lesions (Fig. 3 ) associated with each outcome category showed no statistically significant difference (Kruskal-Wallis test, H = 1.8, p Ͼ 0.05), although larger volumes were observed with lesions associated with better clinical outcomes.
Comparison of Centers of Mass. Coordinates of lesion centers of mass were compared in the three clinical outcome groups. The analysis revealed no statistically significant differences in x and z coordinates between groups. The y coordinate was located 3.1 Ϯ 1.6 mm (mean Ϯ SD) posterior to the midpoint of the AC-PC line in the excellent outcome group, compared with 0.6 Ϯ 1.6 mm (mean Ϯ SD) posterior to the midpoint in the suboptimal outcome (good and fair) groups. Statistically significant differences were noted (H = 10.2, p Ͻ 0.05) in the y coordinate when a comparison was made between good and excellent outcome groups or between fair and excellent outcome groups. No significant difference was noted in the y coordinate between fair and good outcome categories. The x coordinate of the centers of mass of lesions in the excellent outcome group was 13.4 Ϯ 1.6 mm (mean Ϯ SD) lateral to the midline, close to the x coordinate of suboptimal lesions, which was 13.6 Ϯ 1.1 mm (mean Ϯ SD) lateral to the midline. The z coordinate in the excellent group was 6.5 Ϯ 1.5 mm (mean Ϯ SD) above the AC-PC plane compared with 5.4 Ϯ 1.8 mm above the plane in the suboptimal outcome groups. Note that average coordinates correspond to the center of the lesion, thus explaining why the z coordinate lies above the chosen target, which represents the tip of the leukotome probe (Fig. 1) .
In addition to an analysis of the native coordinate space, a projection coordinate analysis was also performed. Locations of centers of mass of individual lesions were projected along a line connecting the two average lesion coordinates in each category compared, and the Kruskal-Wallis test and Wilcoxon rank-sum post hoc test were then applied, as described in Clinical Material and Methods. Once again, a significant difference was found between positions of lesions associated with good and excellent outcomes, and between locations of lesions correlated with fair and excellent outcomes (p Ͻ 0.05). No difference was detected between positions of lesions linked with good and fair outcomes. The coordinates of the centers of mass of the lesions derived from probabilistic maps expressed relative to the midpoint of the AC-PC line are shown in Table 1 . Lesions resulting in good outcomes, on average, were located 3.73 mm from those resulting in excellent outcomes in the anteroinferolateral direction. Lesions resulting in fair outcomes, on average, were located 2.05 mm from those resulting in excellent outcomes, in the anterosuperomedial direction. It is clear from both analyses that lesions created in patients in suboptimal outcome categories were located anterior to those created in patients in the excellent outcome category. The probabilistic maps of lesions in each category are shown overlaid on the atlas in Fig. 4 .
Degree of Overlap With Individual Thalamic Nuclei. The probabilistic maps demonstrate that lesions in different outcome categories varied in distribution with respect to thalamic nuclei. All lesions associated with excellent outcomes and all but one correlated with suboptimal outcomes involved a portion of the Vim (VLp). Sixty-seven percent of lesions associated with excellent outcomes and 30% of those linked with good or fair outcomes involved more than 10% of the Vim (VLp) by volume. Lesions leading to suboptimal outcomes showed less overlap with the Vim (VLp) than those leading to excellent outcomes. A significant number of lesions also involved the rostral portion of the Vc (VP), which likely corresponded to the Vcae (VPLa). Whereas 83% of lesions resulting in excellent outcomes involved the Vc, only 43% of lesions resulting in good or fair outcomes involved this nucleus. Fifty percent of lesions leading to excellent outcomes involved more than 2% of the volume of the Vc, whereas lesions leading to other outcomes did not display this degree of encroachment on the nucleus. A comparison of the three outcome groups revealed no significant difference in the mean volumes of lesion overlap of either the Vc or the Vim (Kruskal-Wallis test). A statistically significant difference was apparent, however, when patients in the fair and good outcome categories were grouped and compared with those in the excellent outcome category. Wilcoxon rank-sum tests revealed that lesions in patients in the excellent outcome group showed significantly more overlap of both the Vim (p Ͻ 0.01 ) and Vc (p Ͻ 0.05), compared with lesions in patients in both good and fair outcome groups. These results are summarized in Table 2 .
Subtraction Analysis of Probabilistic Maps. To establish specifically which thalamic nuclei are necessary targets for excellent outcome, we generated probabilistic maps of lesions in each category and then performed a subtraction analysis. Because the locations of lesions associated with good and fair outcome categories could not be distinguished statistically, their volumes were averaged together and subtracted from the volumes of lesions correlated with the excellent outcome category. The location of this subtracted lesion is illustrated in Fig. 4 . The coordinates of the center of mass of this lesion, relative to the midpoint of the AC-PC line, are given in Table 1 . The results of the subtraction analysis suggest an essential lesion volume that is required (but not necessarily sufficient) for excellent tremor relief. This essential volume involves not only the Vim (VLp), but also extends into the anterior and anterodorsal portions of the Vc or Vcae (VPLa). The latter area is coextensive with the shell of the Vc, which includes proprioceptive or kinesthetic units. 10, 12, 42, 55, 56, 65, 79 Discussion Renewed interest in stereotactic neurosurgery for the treatment of movement disorders has led to numerous reports of clinical outcomes associated with diverse treatment strategies. 29, 33, 40, 54, 94 In addition to clinical data, rigorous anatomical postoperative evaluation of the stereotactic placement of long-term stimulating electrodes or lesions is essential for a valid comparison of surgical methods. So far little detailed anatomical information has accompanied the results of clinical efficacy studies. The paucity of studies of anatomical-clinical correlation may be due to a lack of systematic postoperative imaging or autopsy studies, variable length between surgical procedures and postoperative brain imaging, and difficulties encountered when comparing lesions of variable size and configuration. We have devel- FIG. 4 . Probabilistic maps for the three outcome categories-excellent, good, and fair-shown in axial slices centered at the coordinates of the center of mass of the essential lesion. The color bars at the right correspond to the probability of each pixel being represented in each lesion. The essential lesion represents a positive result of the pixel-wise subtraction of lesions from the good and fair outcome categories from the lesion from the excellent outcome category. GPe = globus pallidus externus. The essential lesion is necessary, but may not be sufficient for an excellent clinical outcome. oped a unique method for evaluating subcortical lesions in a common reference space. This method was used systematically to correlate clinical outcome of thalamotomy for tremor with lesion location, volume, and configuration. A subcortical atlas of deep brain structures was integrated into the standardized space of MR images, allowing a detailed comparison. The analysis revealed statistically significant differences in lesion location between excellent and good, and excellent and fair outcome categories. On average, lesions associated with excellent outcomes were located more posteriorly than those in the other two outcome groups. Subtraction analysis revealed that lesions associated with excellent outcomes necessarily involved the interface of the Vim (VLp) and Vc (VP). We discuss the significance of these findings with reference to clinical results, terminology, and anatomical-physiological correlations. We also discuss the use of our unique probabilistic method for evaluating subcortical lesions with reference to an MR imaging-based integrated atlas.
Methods for the Study of Lesion Characteristics
Postmortem histological studies of lesion location 7, 41 or deep brain stimulator lead placement 17 allows the most direct analysis of optimal targets. Histological comparisons of postmortem anatomy and clinical outcomes 7, 22, 44, 47, 72 have contributed to the choice of the Vim (VLp) as the main surgical target used for relief of tremor associated with PD. This approach is limited by a possible postmortem artifact, sparse databases, and variable age of the lesions at the time of examination. Intended targets have also been correlated with patient outcomes, 27, 43, 59 and the results have contributed significantly to modern surgical procedures. The latter approach is limited by a possible mismatch between the intended and actual lesions with respect to location, size, and configuration. Furthermore, focusing on the coordinates of the center of the intended lesion underestimates the significance of involvement of structures at the lesion's periphery. As a refinement of this approach, attempts have been made to predict volumes of radiofrequency-induced lesions based on formula-modeling heat deposition in tissue. 23, 49 Electrophysiological information obtained at surgery from microelectrode recordings has also been used to define the placement of stereotactic lesions within the known functional anatomy of the human thalamus more precisely. 55, 57, 66, 99 Nevertheless, this approach is also limited by a lack of correlation between clinical outcome and final lesion volume and configuration.
More recently, modern imaging procedures have been used to examine the postoperative location, shape, and volume of the lesion. Clinically, x-ray films or ventriculographic images of intraoperative instrument placement have been used to estimate the location of the lesion 97 and to correlate this with clinical outcome. 27 Postoperative image evaluation performed using CT or MR imaging is the current method of choice for confirming target location, but this approach is limited by the spatial resolution and contrast-to-noise ratio of available imaging methods. Recently, postoperative MR imaging has been used to assess the position of the lesion with respect to the AC-PC line 84 and to measure lesion volumes generated using gamma knife or radiofrequency techniques. 30, 101 Although there are no systematic studies of MR imaging-based localization of thalamotomy lesions, the characteristics of pallidotomy have been examined. 18, 36, 37 In these studies targets were localized relative to the midpoint of the AC-PC line, and linear image registration and scaling principles were implemented. Using this method, authors of a recent analysis of a series of patients who underwent pallidotomy demonstrated a relationship between lesion location and clinical outcomes. 37 Even with optimal resolution, current imaging does not allow identification of anatomical boundaries within the thalamus. To this end, standardized atlases of subcortical anatomy may be combined with neuroimaging to increase subcortical detail on postoperative images. 2, 15, 35, 58, 76, 93 The most common application of this technique involves determining the distance between the AC and the PC on postoperative images, and then scaling atlas slices to matching imaging planes. 2, 58 Computerized tomography scanningbased atlas integration has been used in this manner to examine thalamotomy characteristics. 104 A similar linear scaling method can also be applied in three dimensions after interpolating atlas slices into a 3D volume. 34, 83 Although these modern studies, in which researchers implement image-based lesion evaluation with linear scaling of atlases, represent significant advances, errors in interpretation may still result because the researchers do not account for nonlinear variations in the structure of individual brains.
Image Analysis Technique
We have used a novel, automated, nonlinear fitting algorithm to plan surgical procedures, for intraoperative guidance, 93 and to evaluate the location of a lesion or a deep brain stimulator. The technique is easy to apply, increases the accuracy of localization, and is useful for evaluating individual patients and performing group analyses. The relatively large number of patients who were studied allowed us to demonstrate a difference in the position of the lesion by tremor outcome group, which has not been clearly demonstrated in previous studies. 43 Our study is also unique because of our use of nonlinear registration for the study of surgical lesions in a standardized space 3D MR imagingbased atlas integration for statistical evaluation of lesion location within the thalamic nuclei, and correlation between both the size and configuration of thalamic lesions observed on MR images and clinical outcomes.
Imaging-based methods have a number of limitations. Physical properties of the patient or the imaging unit can introduce distortions into the spatial characteristics of the MR image, 96 which may affect accuracy. Unlike histological methods, which can be used to define the reference structure, our algorithm relies on detection of relative differences in signal intensities on MR images for nonlinear transformation of images of the individual patient's brain into images of a reference brain. 19 Theoretically, individual variations in brain anatomy that lie below the resolution of MR imaging may introduce error during registration. Furthermore, although the automated algorithm that generates the nonlinear transformation has been extensively tested in healthy brains, 19 the quality of registration may be influenced by factors such as a movement artifact or intracranial air. For this reason, a careful review of each atlas integration is necessary when using automatic algorithms. Despite these limitations, automated nonlinear image-matching algorithms represent an advance over simple linear transfor-mations. [19] [20] [21] These algorithms make no a priori assumption about deformation in subcortical structure based on a limited number of points (for example, the AC or the PC). Furthermore, automated algorithms allow for rapid integration of MR imaging data sets, avoiding laborious point-topoint matching by the user. In comparison with linear scaling, nonlinear matching may be especially important when dealing with MR imaging data sets that have been altered by pathological conditions, such as cortical and subcortical atrophy associated with aging. Our technique may therefore be especially suited to the creation of disease-based atlases designed for use during therapeutic interventions. Automated nonlinear image registration and atlas integration is also applicable to evaluation of other subcortical stereotactic procedures, determination of the position of pathological lesions, 19, 20 and characterization of the anatomical significance of functional imaging data sets. Finally, we are currently using similar automated atlas integration methods to create a functional database of electrophysiological responses obtained during stereotactic functional neurosurgery.
Efficacy of Thalamotomy for Tremor: Correlation With the Site of the Lesion
Thalamotomy is a well-established, effective treatment strategy for relief of tremor. 40 In cases of PD, lesions centered on the Vim (VLp) are most effective for relief of tremor, whereas more anterior lesions involving the Vop (VLa) result in relief of rigidity. 29, 40, 81 The reported effectiveness of unilateral thalamotomy for tremor varies between 45 and 92%, with 7 to 15% of patients requiring additional procedures to achieve optimal results. 29, 33, 54, 73, 100 In our series, all patients initially experienced relief of tremor during surgery. Evaluations performed in 31 patients 4 to 6 weeks after thalamotomy revealed excellent (77% of patients), good (13% of patients), or fair (10% of patients) relief of tremor. Fifty-seven percent of patients in the good or fair outcome categories underwent lesion extension within 3 months after the initial surgery, resulting in conversion of their cases to the excellent outcome category. A lasting reduction in tremor amplitude (evaluated at least 1 year after surgery) was achieved in all patients in the series, with 89% of cases in the excellent outcome category and 11% in the good outcome category.
Our technique involves creating tailored lesions centered on the Vim. 14, 93 The lateral limit of the lesions is determined by mapping the motor fibers of the internal capsule by using a retractable monopolar stimulating electrode. The intent is to include most of the lateral portion of the Vim (VLp) in the lesion, but to avoid the internal capsule. The posterior limit of the lesion is delineated by mapping the cutaneous sensory thalamus, which is also accomplished using the curved monopolar electrode. 13 Here the goal is to extend the Vim (VLp) lesion immediately rostral to the sensory cutaneous thalamus, including the Vcae (VPLa) and the Vcai (rostral VPM) (the kinesthetic thalamic territory), but avoiding numbness. The size of tailored lesions is determined, in part, by the degree of reduction in tremor observed during intraoperative clinical examination.
All lesions involved motor areas located anterior to the Vim (VLp), which were targeted in this PD patient population to reduce rigidity 29, 47 and, possibly, dyskinesias. 75 We demonstrated the precise location, volume, and configuration of individual lesions, and our imaging environment allowed a statistical comparison of groups of lesions associated with distinct clinical outcomes. The most effective lesions were located significantly more posteriorly within the thalamus, compared with less effective lesions. With atlas integration, we were also able to describe the extent to which lesions involved the Vim (VLp), Vc (VP), and surrounding areas. Ninety-seven percent of the lesions in our study involved the Vim (VLp). The analysis also showed that lesions in suboptimal outcome groups involved a smaller volume of Vim (VLp) than lesions associated with an excellent outcome ( Table 2) . A significant number of lesions also involved the rostral portion of the Vc (VP), likely corresponding to the Vcae (VPLa). Table 2 demonstrates that lesions in cases comprising the excellent outcome category involved a significantly greater percentage of the Vc than lesions in cases forming the other two groups. These data support the notion that extension of the lesion into the anterior portion of the Vc is important to achieve an excellent outcome. This is further supported by the results of the subtraction analysis, which demonstrate that lesions associated with excellent outcomes have an essential volume, which includes the posterior portion of the Vim (VLp) and the anterior portion of the Vc (VPLa). Although a lesion of this essential area is necessary to achieve an excellent outcome, it may not be sufficient. Lesions located in the more rostral portion of the Vim may also be required for adequate relief of tremor and may be associated with an additional salutary effect on rigidity. 22, 50, 74 A comparison of the total volume of lesions in each outcome category revealed no statistically significant difference. Our data indicate that lesion location, independent of lesion size, determines the degree of tremor suppression, although it is possible that this conclusion is limited by reduced statistical power due to the small number of lesions in suboptimal outcome categories. The average lesion volume in the present series is larger than those of other reports identifying the minimum effective volume of thalamotomy lesions for tremor. 43, 49, 66 It is important, however, to note that our tailored lesion technique involves use of a leukotome, whereas most reports on lesion volume cover radiofrequency-generated lesions. The physiological effect of heat-induced lesions may extend beyond that of induced necrosis, 23, 103 thus underestimating the effective lesion volume. Furthermore, in the present study we report lesion volumes measured on MR images, which may be significantly larger than those reported in previous studies in which they were measured on CT scans. 25, 69, 102 Finally, lesions may retract significantly with time, possibly accounting for the fact that lesions detected on images obtained during the early postoperative period are larger than those measured on images obtained at later time points 25, 69, 102 or at autopsy. Early postoperative imaging may also identify edema and local reaction as a component of the MR imaging signal at the lesion site. These time-dependent effects have been clearly documented in cases in which the lesions were induced by radiofrequency. 25, 102 Edema is not likely to be an important component in the leukotome-induced lesions presented here, because imaging was performed within 24 hours after surgery in most cases. 25 The relatively large size of the lesions in our patients with PD also reflects the desire to include the VLa for the control of rigidity, 22, 50, 74 in addition to more posterior areas of the ventral thalamus targeted for control of tremor. The results of our study indicate that tailoring lesions to target structures of interest is more important than lesion volume in predicting clinical outcome. Furthermore, the tailored lesioning technique, accompanied by physiological stimulation and 3D lesion planning, allows for avoidance of critical neighboring structures such as the internal capsule and cutaneous sensory thalamus, thus reducing the incidence of potential complications such as numbness, dysarthria, or motor weakness.
Pathophysiological Significance of the Effective Target for Relief of Tremor
The anatomical data obtained in this study contribute to our understanding of the functional anatomy of tremor. The ventral thalamus may be divided into anterior, intermediate, and posterior parts. 4, 5, 52, 53 With respect to the motor thalamus, homological studies in nonhuman primates have broadly demonstrated segregated pallidal and cerebellar recipient sectors. 87, 88, 95 Afferents from the internal pallidal segment distribute to the Voa and Vop (VLa), and the CM. The thalamic territory that receives afferents from the deep cerebellar nuclei includes the Voi, Vim, Zim and Dim (VLp), and the CM. The pallidal recipient areas of the ventral thalamus send efferents primarily to premotor and supplementary motor areas, whereas the cerebellar recipient sectors project mainly to the primary motor cortex. 87, 88, 95 In nonhuman primates, the primary sensory thalamus-Vc (mainly VPL and VPM)-may be subdivided electrophysiologically into an anterodorsal shell containing neurons with proprioceptive or kinesthetic properties 56, 71 (the Vcae or VPLa), and a posterior and ventral core containing cutaneous responsive units. 56, 85 A similar electrophysiological organization appears to exist in humans, including proprioceptive or kinesthetic units dispersed over an anterior and dorsal shell, 39, 55, 64, 65, 81 and a cutaneous responsive core. 92 The majority of kinesthetic responsive units appear to be within the Vcae and the Zc (the VPLa), a thin shell that is approximately 2 mm thick. 1, 55, 64, 65, 81, 90 Data from physiological unit recording studies of PD in humans reveal cells in the ventral thalamus that are characterized by rhythmic burst activity. Some of these bursting units are synchronous with peripheral tremor. 1, 26, 38, 55 Other rhythmic cells, burst firing at 3 to 6 Hz, are located more rostrally compared with cells that are time locked with the contralateral peripheral limb tremor. 42, 55 These cells do not fire as regularly as their more caudal, tremor-locked counterparts and are likely to be located in the Vim (VLp), Vop (VLa), and, possibly, the Voa (VLa). 55 In many cases, units demonstrating rhythmic burst spike activity also respond to passive or active joint movement, presumably related to activation of muscle spindles. These neurons do not respond to light touch and, rather, may receive sensory inputs either indirectly via spinocerebellothalamic pathways or more directly via the dorsal column-lemniscal system. 64, 68 Kinesthetic cells 78, 80 are largely coextensive with time-locked tremor cells and are located mainly in the lateral Vim (VLp) and in the most rostral portion of the Vc (VPLa). 10, 12, 42, 55, 65 Although thalamic kinesthetic response cells and tremor cells are consistently located rostral to the tactile responsive zone, the extent to which tremor-evoked kinesthetic cells occupy the Vim (VLp) or the Vc (VP) in the human thalamus remains controversial. 9, 24, 31, 38, 55, 79, 98 In the present anatomical study we localized effective lesions mainly to the Vim (VLp) and the most rostral portion of the Vc (VPLa). Interestingly, all lesions also involved thalamic territories anterior to the Vim (VLp), areas comprising the Vop (VLa) and even the Voa (VLa). These areas correspond to the pallidal recipient sector and also contain rhythmic bursting cells, although they are usually not tremor locked. 14, 65 Lesions in this more rostral area correlate with relief of rigidity, 29, 81 emphasizing the importance of pallidothalamic efferents in the pathogenesis of this symptom of PD. Subtraction analysis revealed that lesions that were most effective for relief of tremor involved the posterior portion of the Vim (VLp) and the most rostral portion of the Vc (VPLa). In fact, a significantly greater proportion of lesions associated with excellent outcome involved the Vcae, corresponding to an area containing a high proportion of proprioceptive units. Ultimately, a collection of tremor cells distributed within thalamic areas anterior to the cutaneous responsive tactile sector is likely to be important for adequate relief of tremor.
Conclusions
Analysis of thalamotomy lesions placed stereotactically for relief of parkinsonian tremor revealed that optimal lesions associated with excellent outcomes are located more posteriorly than lesions correlated with suboptimal outcomes, independent of the size of the lesion. Atlas integration with the lesion evaluation, which is performed using a probabilistic approach, demonstrated that inclusion of the interface of the Vim (VLp) with the anterior Vc (VPLa) is necessary for an excellent outcome. This finding emphasizes the importance of the proprioceptive thalamus in the pathophysiology of parkinsonian tremor. In view of the variety of procedures currently applicable to movement disorders, precise anatomical characterization of the lesion or stimulator placement within the thalamus or basal ganglia will be helpful in evaluating the clinical indications for each treatment strategy. Use of the automated nonlinear imagematching algorithm for atlas integration has wide applicability beyond functional neurosurgery, including analysis of pathological lesions and generation of functional activation databases.
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